The nanoindentation time-dependent creep experiments with different peak loads are conducted on c-plane (0001), a-plane (1120) and m-plane (1010) of single-crystal ZnO. Under nano-scaled indentation, the creep behavior is crystalline orientationdependent. For the creep on (0001), the stress exponent at low loads is ∼1 and at high loads ∼4. The stress exponents under all loads are within 3∼7 for the creep on (1120) and (1010). This means that diffusion mechanism and dislocation mechanism is operative for different planes and loads. The relative difficulty of dislocations activation is an additional factor leading to the occurring of diffusion creep on the c-plane of single-crystal ZnO. © 2016 Author(s) 
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I. INTRODUCTION
Single-crystal ZnO has been regarded currently as one of the most promising semiconducting materials owing to its relatively wide direct energy gap (about 3.37 eV), high thermal resistivity, high exciton binding energy (∼60 meV) and chemical stability. 1, 2 As being usually fabricated into low-dimensional piezoelectric devices, it is necessary to measure the mechanical properties of singlecrystal ZnO by contact-induced deformation through nanoindentation. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In this regard, the timedependent (so called creep) behavior is especially important in order to assess its mechanical reliability during devices being on service under long-term stress conditions. However, only few researches have been performed on the topic of nanoscale creep behavior of single-crystal ZnO with vertically (0001) orientation. 12, 13 It is found that under the uniaxial compressive stress, the nanoscale creep deformation in single-crystal ZnO nanorods is realized via diffusion mechanism. 12 In contrast, the nanoscale creep strain in single-crystal ZnO under nanoindentation is mainly originated from dislocation-dominated mechanism. 13 It is generally accepted that the diffusion creep rather than the dislocation-dominated creep is the most common creep mechanism in ceramics. [14] [15] [16] Presumably, the enhanced role of diffusion creep in ceramics is originated from intrinsic factors of ceramics: relatively high Peierls stress in ceramics and the existence of the so-called "space-charge layer" near the surface of ceramics. 15, 16 For the single-crystal ceramics, the happening of diffusion creep is more preferential due to the fact that the deformation in a single crystal often occurs via slip on a single slip plane under the uniaxial stress conditions. 12 Nonetheless, the dislocation-dominated mechanism is responsible for the creep strain of single-crystal ZnO due to the activation of easy multiple slips under the indentation tests. 13 Thus, it is assumed that there exists a competition between the diffusion mechanism and dislocation mechanism in the course of the creep deformation of ceramics. However, it is not known currently that if the diffusion mechanism can be operative during the nano-scaled creep course of single-crystal ZnO under indentation tests. Given that the ratio of contacted area and volume probed by indenter is a function of indenter radii, the small radii will produce a much bigger ratio of contacted area and probed volume. This would enhance the diffusion creep behavior under the nanoindentation tests. Hence, in this work, the time-dependent creep experiments were conducted on c-plane (0001), a-plane (112 0) and m-plane (101 0) of single-crystal ZnO by nanoindentation with nano-scaled Berkovich tip. By estimating creep stress exponents and activation volume, the creep deformation mechanisms of single-crystal ZnO were figured out under the nanoindentation tests.
II. EXPERIMENTAL PROCEDURE
The specimens used in this experiment are 0.5-mm thick single-crystal Zinc Oxide grown along with [0001] crystallographic direction purchased from MTI Company in the United States. Before tests, the sample surfaces were polished to root mean square roughness less than 10 Å. Nanoindentation tests were conducted using a Nanoindenter XP equipped with a diamond Berkovich tip. The Berkovich tip is triangular pyramidal structure diamond tip with angle about 65.3 o . The radius of Berkovich tip used in this study is estimated as 150 nm by Herzian contact indentation analysis of the data obtained from indentation on fused quartz. The Berkovich tip is calibrated by a standard silica sample with over 25 data.
Constant load indentation tests were performed at various stresses in c-plane (0001), a-plane (1120) and m-plane (1010) of single-crystal ZnO specimens. The specimens were loaded to the peak loads (1 mN, 5 mN and 10 mN) at a fixed loading rate of 0.1 mN/s, held at peak loads for 300 s, and fully unloaded. Figures 1(a,b,c) show the typical creep displacement-holding time curves during nanoindentation creep of c-plane (0001), a-plane (1120) and m-plane (1010) of single-crystal ZnO under different peak loads, respectively. The creep displacement-holding time curves are parabolic in nature, which are similar to the typical high-temperature creep curves of metals and ceramics. 12, [17] [18] [19] Comparing the three figures, it is found that except for the low load of 1 mN, the holding process of high loads (5 and 10 mN) on the a-plane (1120) and m-plane (1010) produces larger amount of displacements than that of c-plane (0001). This orientation dependency of the displacement indicates that the creep behavior of single-crystal ZnO is not an artifact caused by thermal drift which does not depended on the crystalline orientation.
III. RESULTS AND DISCUSSION
The creep displacement curves are shown in Figure 2 for the c-plane (0001), a-plane (1120) and m-plane (1010) samples at 1 mN with different loading rates of 0.01, 0.1 and 1 mNs -1 . With increasing loading rate, the creep displacement increases from 9 to 21 nm for the c-plane (0001), 12 to 29 nm for a-plane (1120) and 15 to 38 nm for m-plane (1010). It is apparent that the creep displacement increases with increasing loading rate. In nanoindentaion test, a higher loading rate will exhibit a higher strain rate. Therefore, the higher loading rate would create more defects and displacements during deformation. 20 In this work, in an attempt to show if the diffusion can become the responsible mechanism for ceramics under indentation tests, the time-dependent creep experiments were conducted on c-plane (0001), a-plane (1120) and m-plane (1010) of single-crystal ZnO by nanoindentation with nano-scaled Berkovich tip. To figure out the creep mechanisms of single-crystal ZnO under nanoindentation tests, it is necessary to estimate the values of indicator, i.e. the stress exponents, n. It is well documented that n=1 for diffusion creep such as the Nabarro-Herring creep (by lattice diffusion) or the coble creep (by grain boundary diffusion), n=2 for grain boundary sliding, n=3∼8 for dislocation creep in metals. 21 And these rules are also available to ceramics. 22 Figure 3 presents the relationships between strain rate and stress on c-plane (0001), a-plane (1120) and m-plane (1010) of single-crystal ZnO from nanoindentation creep tests under different peak loads. In general, the stress exponent n on c-plane (0001), a-plane (1120) and m-plane (1010) (the slope of curves in Figure 3 ) increases with the peak loads. The values of n calculated from the stable part of each curves (steady creep) are shown in Figure 4 , clearly indicating that the stress exponents all increase with the peak loads for c-plane (0001), a-plane (1120) and m-plane (1010) of single-crystal ZnO. The stress exponents under the all pre-set peak loads are 3∼7 for the a-plane (1120) and 4∼7 for the m-plane (1010) of single-crystal ZnO, corresponding to the dislocation-dominant creep mechanism. On the other hand, the stress exponents for the c-plane (0001) are ∼1, ∼3 and ∼6 at low, medium and high peak loads, respectively, a quite different phenomenon. The distinctive stress exponents for the c-plane (0001) of single-crystal ZnO suggest that the diffusion creep and the dislocation-dominant creep mechanisms are operative at low loads and high loads, respectively. This means that under the nanoindentation tests, the diffusion behavior is indeed occurring during the creep course of single-crystal ZnO.
The crystalline orientation-dependent creep behavior can be understood if the activated dislocations in the course of creep deformation on the c-plane (0001), a-plane (1120) and m-plane (1010) is taken into account. It is known that the relative orientation of the loading direction with respect to the surface determines the shear stresses along the easy-glide planes and in the preferred slip directions. For the m-plane configuration, displacement into the crystal is facilitated by slip along the basal plane along the a-direction that make ±30 o angles with respect to the applied load. On the other hand, for indentations on the c-plane (0001) of single-crystal ZnO, the applied load is normal to the a-direction. Thus, the c-plane oriented crystal should have the highest resolved shear stress for the dislocation of the easy-glide basal plane, thus slip along the non-basal planes (pyramidal and prismatic) planes is expected to be activated in addition of the slip along the easyglide basal planes, as previously reported. 21, 22 The critical resolved shear stress of non-basal planes (a and m-plane) of ZnO are much higher than that of the easy-glide basal plane, thus, the dislocation nucleating becomes relatively difficult. Thus, it is easier for the dislocation nucleation for the a-plane (1120) and m-plane (1010) than c-plane (0001) of single-crystal ZnO. As a result, the interfacial diffusion between the nanoindenter tip and the test sample would be more prone to happen for the creep on the a-plane (1120) and c-plane (0001) than m-plane (1010) during nanoindentation process. The diffusion creep mechanism can be quantitatively interpreted by estimating the strain rate sensitivity m and the activation volume V * of the creep events:
where k is Boltzmann's constant and T is the temperature. While the V * in metals is generally expressed as a fraction of the Burgers vector, it may be possible to describe V * in ceramics with ionic bonding as a fraction of the ionic volume. 6 The volume of Zn (V zn ) and O (V o ) ions can be calculated by using the radius of Zn +2 ion (0.074 nm) and O -2 ion (0.1740 nm). Due to much smaller ion volume, the controlling diffusion species should be the Zn +2 ions. The related data on the Zn +2 ionic volume, acting dislocation affected volume (∼b 3 for the Burgers vector of [2110]), and the activation volume are compiled in Table I . Note that the V * of the creep deformation on the c-plane (0001) of single-crystal ZnO under the low peak load can be expressed as ∼1V Zn , which is indicative of the creep deformation occurring via motion of individual Zn ions. With increasing load, n starts to increase and V* also increases, gradually deviating from 1V Zn and approaching b 3 . For the medium load level of 5 mN, judging from the n and V* values, the creep seems to be within the transition region from the diffusion to dislocation controlled mechanism.
In comparison, for the a-plane and m-plane samples, it is found that, independent of load levels, n is consistently 3-7 and V* being much higher than 1V Zn and all approaching b 3 , corresponding to the dislocation-dominant mechanism. Note that the activation volume V * of c-plane is obviously less than that of a-plane and m-plane, implying the less activated dislocation motion on the c-plane sample. Another fact should be noted in this study. Compared with the researches of Kim et al., 13 this work has clearly shown that the more pronounced diffusion creep is observed in smaller indenters. It is known that the diffusive flow of Zn ion is along the interface between the indenter and surface of ZnO single crystal, while the dislocation flow is realized by the dislocation-nucleating heterogeneously in the activated volume under the indenter. 12, 23 The nano-scaled indenter in this study provides much larger ratio of the area of tip-sample contacted interface and the activated volume under the indenter than that of micro-scaled indenter as shown in the research of Kim et al. 13 The larger ratio of the area of tip-sample contacted interface and the activated volume is surely favorable for the occurring of diffusion process.
IV. CONCLUSIONS
It is reasonable to assume that under nanoindentation tests, the dislocations creep rather than the diffusion creep is the most common creep mechanism in ceramics. In this work, it is discovered that under nanoindentation tests on the c-plane (0001) of single-crystal ZnO with nano-scaled indenter tip, the interfacial diffusion between the nanoindenter tip and the test sample would become the dominant mechanism for the creep strain. It is regarded that the relative difficulty in enabling dislocations motion during the creep on the c-plane (0001) is an additional factor leading to the occurring of diffusion process.
